The results of this paper may be summarized by giving the values of the character istic temperatures of the three elements gold, copper and aluminium, a t different temperatures, basing these on the room-temperature values found in the course of the investigation and employing relation (4) to find them a t other temperatures. They are collected in table 3. The decrease in the value of the characteristic tem perature as the temperature is raised, is 2-2, 3-1 and 6-8° K per 100° K rise of temperature for gold, copper and aluminium respectively.
On the theory of dielectric breakdown in solidsf
B y H . F r o h l ic h , H. H. Wills Physical Laboratory, University of Bristol
(Communicated by N. F. Mott, F.R.S.-Received 6 April 1946) It is shown that the theory of dielectric breakdown in solids previously developed by the author is correct only below a critical temperature Tc. This temperature is defined in such a way that above Te the density of electrons (in strong fields) is so high that mutual collisions between electrons are more frequent than collisions between electrons and the lattice vibra tions. In the presence of strong external fields this leads to an equilibrium distribution of the electrons at an electronic temperature T which is higher than the lattice temperature T0. T is determined by the energy balance according to which the rate of energy transfer from the field to the electrons must be equal to the rate of energy transfer from the electrons to the lattice vibrations. It is shown that equilibrium can be obtained only if the field is below a critical field F *. For stronger fields the electronic temperature T rises steadily until the crystal breaks down. It is found that F* decreases exponentially with increasing lattice tem perature.
The theory now accounts for the rise of dielectric strength with temperature at low tem peratures (previous theory) and for its decrease at high temperatures. It also shows why influences which tend to increase the dielectric strength at low temperatures (e.g. admixture of foreign atoms) tend to decrease it in the high-temperature region.
The increase of the electronic temperature with the field strength F leads (for F < F*) to an increase of electronic conductivity with F which is calculated quantitatively.
f Based on Report L/T 153 of the British Electrical and Allied Industries Research Associa tion (E.R.A.). I n t r o d u c t io n
The theory of dielectric breakdown in ionic crystals developed in recent years by the author (Frohlich 1937 (Frohlich , 1939 (Frohlich , 1941 (Frohlich , 1942 also Whitehead 1945) succeeded in describing the main features of this phenomenon up to a temperature Tc where a change in the type of breakdown occurs. As one of the main results this theory predicted the positive temperature gradient of the breakdown strength which subsequently was found experi mentally by Austen, Hackett & Whitehead (1939 ) and, independently, by Buehl, Maurer and von Hippel (cf. Buehl & von Hippel 1939 von Hippel & Maurer 1941) . Above Tc, however, the temperature gradient changes sign. Originally this was taken as an indication th at breakdown through thermal instability had started, but experi mentalists maintained that this was not the case (von Hippel & Lee 1941) . Moreover, careful experiments by Thomas & Griffith (1942) on amorphous substances yielded this negative temperature gradient down to temperatures which are sufficiently low to rule out thermal breakdown. I t is thus desirable to investigate theoretically why the theory should become invalid in the high-temperature range beyond Tc, and to develop a theory for this range. This will be carried out in the present paper. Amorphous substances will be given special consideration in view of their low critical temperature Tc.
To find the reason for the failure of the former theory at high temperatures it should be remembered that breakdown was assumed to be due to an instability of the electrons in the conduction levels of an insulator. From elementary considerations a condition for the occurrence of this instability had been derived which yielded the breakdown strength in terms of the mean free path of those electrons whose energy I is just suffi cient to carry out an ionization of the ions or atoms of the lattice. An exact proof for this condition has not been given so far, but the accompanying paper (Frohlich 1947) gives strong support for its approximative validity by showing th at the possibility of reaching stationary conditions is determined by the behaviour of electrons with energy I. To derive this it was required to assume th at mutual collisions between electrons can be neglected. This assumption can be justified at sufficiently low tem peratures where the density of electrons in conduction levels is very small, although it should be recognized that the density in strong fields-just below breakdown-which is required here may be much higher than the density in weak fields. In any case, however, the density will increase with temperature and a t a certain temperature will thus reach a value where the above assumption becomes invalid. I t will be seen th a t this marks the change over in the type of breakdown.
The different behaviour of electrons in this high-temperature region is best demon strated on the energy exchange between the electrons on the one side, and the external field and the lattice vibrations on the other. At low temperatures, because of the small electronic density, each electron can be treated on its own. At sufficiently high temperatures, however, the electrons, in view of their mutual collisions, will exchange energy with each other more rapidly than with either the field or the lattice vibrations. Thus an external field may be considered to raise the temperature of the electrons to a value T which is higher than the lattice temperature T0, and which depends on the field strength. I t has then to be investigated if equilibrium can be reached in this way. This will be found to be possible below a critical field strength.
The increase of electronic temperature with field strength clearly leads to deviations from Ohm's law in strong fields. Thus the following investigations will lead to a theory of the deviations from Ohm's law as well as to a theory of breakdown. I t will be found th at the electronic temperature T, though higher, has always the same order of magnitude as the lattice temperature T0. In the high-temperature region, therefore, the breakdown field is determined by the properties of slow (thermal) electrons in contrast to low-temperature breakdown which depends on the properties of fast electrons whose energy is of the order I, i.e. several eV. Obvious experimental evidence for this can be found in the increase of breakdown strength in the lowtemperature region with temperature and with foreign admixtures. Qualitatively, this resembles the behaviour of the electrical resistance of metals, and both cases are explained by the properties of the mean free path of fast electrons which decreases with increasing temperature, or with increasing concentration of foreign atoms. Slow electrons cannot be expected to behave in this way and, in fact, the breakdown field in the high-temperature region behaves in the opposite way. There have been discus sions in the past as to whether it is an instability of the fast or of the slow electrons which is responsible for breakdown. The present investigation leads to a compromise on this question: slow electrons by co-operative action are responsible for breakdown in the high-temperature region, whereas independent fast electrons are responsible for breakdown in the low temperature region.
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D e v e l o p m e n t o f t h e t h e o r y
Consider a solid insulator or semi-conductor in the presence of an external electric field F. A number of electrons, say Nx, will be in the conduction levels of the solid and give rise to an electric current whose density is given by
where cr is the conductivity, and r x is the average time of relaxation. This current leads to an energy transfer from the field to the electrons at a rate of
per unit volume. To obtain a stationary state the electrons must be able to transfer energy to the lattice vibrations at the same rate.
The main assumption to be made for the following calculations is to consider the probability for collisions amongst electrons to be large compared with the probability for collisions between electrons and lattice vibrations. The electrons can thus be assumed to be in thermal equilibrium corresponding to an electronic temperature T. This temperature must be higher than the lattice temperature TQ because otherwise Vol. 188. A. no energy would be transferred to the lattice. The temperature T has to be determined from the energy balance
where B{ T, T0) is the rate of energy transfer per unit volume from the electrons to the lattice vibrations. In order to calculate this energy transfer it will be of importance to consider not only electrons in conduction levels but also electrons which are trapped in energy levels due to lattice imperfections. Such levels will be denoted as isolated levels because they lead to a binding of electrons in the neighbourhood of a lattice imperfection. In pure ionic crystals lattice imperfections are due to ions in interstitial positions (cf. Mott & Gurney 1940) , but in amorphous substances further imperfections of a different nature should be expected. Isolated levels consist in general of a ground-level and of a number of excited levels (cf. Mott & Gurney 1940 ) leading up to the conduction levels of the lattice. The distance between the ground-level and the first excited level is usually of the order of 1 eV and will be denoted by 2(V -The levels below the conduction levels will be denoted by as indicated in figure 1. The average number/(i£yfcT) of electrons with an energy E above the first excited level is thus (cf. books on semi-conductors) given by f(E/kT)CC e-iV-AVWT-EjkT
2(V-AV)
F ig u r e 1. Energy levels.
Hence the total number Nx of electrons in the conduction levels is found to be
where CX(T) is a quantity which compared with the exponential term varies slowly with T. Furthermore, the number of electrons in excited isolated levels (0 < is approximately given by
AV^>kT.
Again C2(T) varies slowly with temperature. The ratio CfC2 is roughly equal to the ratio of the number of energy levels in the interval of the conduction levels to the corresponding number in the isolated levels. Denoting the latter per unit volume by and considering the electrons in the conduction levels as free electrons one finds approximately
which, according to (5) and (6) This it seems will be fulfilled not only for amorphous substances but also for crystals unless special care for their purity and perfection has been taken. For assuming, for example, A V /kT = 5 (consider (7)), one requires A V z/kT > 1018, i.e. in a solid with 1022 atoms per c.c. there should be more than one centre for isolated levels per 104 atoms.
I t will now be assumed th at electrons in the conduction levels as well as in isolated levels can exchange energy with the lattice vibrations. For the sake of simplicity all lattice vibrations are considered to have the same frequency v. Electrons with energy E may thus either absorb or (provided E > hv) eipit a quantum hv and make a transition into the level E ± h v . This requires, of course, that the excited isolated levels ar sufficiently dense, and that
A V^h v . (9)
Transitions from excited isolated levels to their ground-level can be neglected for they would require the simultaneous emission of a great number of quanta hv.
The above considerations are sufficient to allow a calculation of the temperature dependence of the energy transfer A and B. A quantitative calculation cannot, how ever, be attempted a t present, for our knowledge of the quantitative behaviour of slow (thermal) electrons is not yet sufficiently developed.
Since electrons in isolated levels cannot (or can only very slowly) move through the lattice, it follows that only the electrons in the conduction levels contribute to the energy transfer A from the field to the lattice. Thus from (2), (1) and (5) one finds
m On the other hand, in view of (8), the energy transfer B from the electrons to the lattice is mainly due to the N2 electrons in isolated levels. The number of transitions per second of electrons from the energy E into E + hv, connected with absorption of a quantum hv is given by
On the theory of dielectric breakdown in solids where P(E) is a transition probability which is a function of E but is independent of temperature, and n(T0) is the number of quanta present at the lattice temperature To, i-e.
Similarly, using (4) and (12), the number of inverse processes is given by
In thermal equilibrium in the absence of a field T = T0, and one finds = as re quired. From (11) and (13) the total rate of energy transfer is found to be
Let l/r 2 be the average value of P{E), i.e. (cf. (4) and (6))
= Z P (E )f(E jkT ).
T2
Again considering (4) and (6) it may be assumed that x2 varies only slowly with T. Thus inserting N2 from (6) one finds
B ( T , T 0) = -C2n(T0)e~vlkT+ArikT [ehv/kr0-hvikr _ T 2
Then introducing (14) and (10) into the energy balance (3) yields after division by hvn{T0)N2jT2 (16) can be considered as varying slowly with T and will be treated as a constant. Equation (15) will be used to find the electronic temperature T in terms of the field F which will be treated as a parameter. Figure 2 shows the T-dependence of both sides of (15). Apart from practically constant factors the left-hand side represents the rate of energy transfer from the field to the Nx conduction electrons after division by the number N2 of electrons in the excited isolated levels. It is thus proportional to 2, and its tem perature dependence is determined by the ratio NJN2 of the number of electrons in the conduction levels to the number of electrons in excited isolated levels, which increases with T. The right-hand side of (15), again apart from unimportant factors, represents the rate of energy transfer from the electrons to the lattice divided by the total number of electrons. I t vanishes at T = T0, the a constant value as T ->o o. Figure 2 shows that for small values of the field equation (15) has two solutions for the electronic temperature T \ the first is near T0 and represents a stable equilibrium, while the second one T = T2 lies at very larg unstable state. On application of a field, energy is supplied to the conduction electrons which make frequent mutual collisions and collisions with the trapped electrons. Thus the electronic temperature rises until it reaches the equilibrium value Tx of T, i.e. the lower solution of (15). Now if the field F is increased Tx increases, and T2 decreases. A critical field F = F *e xists where the two solutions meet, i.e. wh For F > F * no solution exists because the rate of energy transfer A from the field to the electrons is always larger than the rate of energy transfer B from the electrons to the lattice. Thus the electron temperature T will grow indefinitely until the lattice breaks down. Hence F* is the breakdown field. To obtain F* equation (15) must be fulfilled for F = F*, and in addition the two solutions Tx and T2 must be equal. It can be seen from figure 2 that this is ful the derivatives of both sides of (15) with respect to T are equal, i.e. if
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The solution T -T* of (17) and of (15) (with F = F*) must thus satisfy (eliminate F* from (17) and insert into (15))
Inserting this into (17) the breakdown field is found to be F * = c e AVj2kT0 (19) where using (9)
can (cf. (7) and (9)) be considered to vary only slowly with T0. The electronic temperature T is only slightly higher than the lattice temperature T0 as can be seen from (18) which with the use of (7) yields
The number NX(T*) of electrons in the conduction levels may, however, be much than without a field (NX(T0)) for from (5) and (18) 
which may be very large. Consider finally the case F < F* in which a stationary sta perature Tx will be reached. Tx depends on the field F which means that the con ductivity cr depends on the field strength as can be seen from (1) and (5) 
In very strong fields, just below breakdown, T*, and hence with (18) or (21),
On the other hand if F 2<^F*2 the right-hand side of (15) 
D i s c u s s i o n
The preceding considerations lead to the conclusion that two different types of intrinsic dielectric breakdown have to be distinguished. They are characterized by the temperature dependence of the breakdown field F*. In the low temperature region the theory developed in previous papers (Frohlich 1937 (Frohlich , 1942 holds, which means that F* increases with increasing lattice temperature T0 (or it may be practically constant if the frequencies of the lattice vibrations are sufficiently high). In the hightemperature region, on the other hand, the theory developed in the previous section of the present paper holds, which means that decreases with increasing temperature according to the law (19) which may also be written as
Tc is a temperature which allows to distinguish between the two cases although the transition will not be an abrupt one. The temperature Tc is defined in such a way that in strong fields just below breakdown the density of electrons in the conduction levels is just sufficient to make mutual collisions between electrons as frequent as collisions of electrons with the lattice vibrations. Below Tc collisions between electrons can be neglected whereas above Tc they are predominant. Thus in the low temperature region the behaviour of single electrons has to be considered. Equation (20) of the accom panying paper (Frohlich 1947) shows that in strong fields this leads to the existence of a considerable number of fast electrons. In this case the breakdown field is deter mined by the mean free path of fast electrons. This can be calculated quantitatively and a quantitative calculation of the breakdown field is, therefore, possible.
In the high-temperature region the collective behaviour of the electrons has to be considered. This is largely determined by the properties of slow thermal electrons. In this case it has not been possible, so far, to obtain quantitative theoretical values for the breakdown field. The main check of this theory, therefore, lies in a comparison of the temperature dependence (25) with experiments.
Before this is carried out some striking qualitative features of the theory should be mentioned. No attem pt has been made to calculate the transition temperature Tc, but it is evident that Tc should be the lower the larger the number of centres for trapped electrons, because Tc is the temperature at which the electron density in the conduction levels attains a certain critical value. Thus admixture of foreign atoms or ions and lattice defects increase the number of trapping centres and should thus decrease the tem perature Tc beyond which the breakdown field F* shows a falling temperature charac teristic. On the other hand, lattice defects and foreign admixtures act as additional scatterer for fast electrons, i.e. they decrease their mean free path. In the low tem perature theory this leads to an increase of the breakdown strength. As an example, fused quartz at low temperatures in the range of the positive temperature characteristic for F*, should have a higher breakdown strength F* than crystalline quartz; but the transition to the high-temperature range in which F* has a negative temperature characteristic should start for fused quartz at lower temperatures than for crystalline quartz. Thus at low temperatures fused quartz should have a higher strength than crystalline quartz but this should be reversed at high temperatures. This is well confirmed by experiments by von Hippel & Maurer (1941) , whose results are shown in figure 3 .
An example of a similar nature is provided by experiments by Austen & Pelzer (1942 , 1944 on polythene and on a vinylite. Polythene consists of long hydrocarbon chains (CH2)n and is semicrystalline, as has been shown by Bunn & Alcock (1945) . Polyvinyl chloride, on the other hand, is amorphous. It also consists of long chains (CH2-CHC1)W containing, however, strong CHC1 dipoles. These dipoles act as addi tional scattering centres for fast electrons and decrease their mean free path compared with polythene. Thus at low temperatures the vinylite should have a higher breakdown strength than polythene. In view of its amorphous nature, however, its transition temperature to the falling high temperature characteristic of should be lower than th at of polythene. Hence at high temperatures the vinylite should have a lower breakdown strength than polythene. All this has actually been found by Ajisten & Peizer. To turn now to a discussion of the temperature dependence (25) of the breakdown field, it seems necessary to find experiments which cover a sufficiently large range. The experiments by von Hippel & Maurer (1941) on soda-lime glass provide such an example. Figure 4 shows that good agreement is obtained if one chooses V/Jc -3400°. Other examples are provided by experiments by Hackett & Thomas (1941) on mica, and by Thomas & Griffith (1942) on varnishes. These latter do not, however, cover a sufficiently wide range to lead to a quantitative check. The latter paper contains also measurements of the increase of conductivity with field strength. The Independence of equation (24) is not entirely in agreement with the experiments which show a slightly slower increase. This may be due to ionic contributions to the conductivity. Equation (24) yields, however, the correct magnitude for the increase in conductivity. Thus for black baking varnish the authors find experimentally V -2 eV, F* = 2000 kV/cm., while from the temperature dependence of F*, 0*06 eV can be deduced. Thus for fields of 500 and 250 kV, equation (25) yields log = 1 whereas the experi mental value is 2.
From the preceding discussion it follows that the combination of the high-and the low-temperature theory leads to a satisfactory description of breakdown over the whole temperature range. In particular it leads to a simple explanation of the peculiar difference between the high-and the low-temperature behaviour according to which all influences which tend to increase the breakdown strength in the low-temperature region (e.g. foreign admixtures, increase of temperature) tend to decrease it at high temperatures. Von Hippel (1946) has on several occasions expressed his disbelief in the author's low-temperature theory because in his opinion in fields below break down strength not enough fast electrons are available. It seems, however, that the calculations of the accompanying paper prove the existence of a considerable number of fast electrons. Also no other theory can account for all the diverse facts connected with breakdown without using ad hoc assumptions. The present development of the theory is adequate to decide in which cases an improvement of dielectric strength at a given temperature T' (e.g. room temperature) is possible. Clearly the tendency must be to shift the temperature Tc, at which the dielectric strength has its maximum, to T ' . If T' this c mixtures which decrease Tc but increase the breakdown strength. If, on the other hand, Tc < T' it will be required to purify the substance and decrease in other possible ways the number of lattice defects because this shifts Tc to higher temperatures and again increases the breakdown strength.
I am indebted to the British Electrical and Allied Industries Research Association for permission to publish this paper.
Note added on 6 November 1946. I now understand from Mr C. M. Turner [Department of Electrical Engineering, University of Birmingham] that he has measured the field dependence of the conductivity of glass in fields up to about 500 kV/cm., using very short pulses. His results are in very good agreement with equation (24).
